ABSTRACT:
Protein non-specific adsorption that occurred at the solid-liquid interface has been subjected to intense physical and chemical characterizations due to its crucial role in a wide range of applications including food and pharmaceutical industries, medical implants, biosensing, and so on. Protein-adsorption caused sample loss has largely hindered the studies of single-cell proteomics; the prevention of such loss requires the understanding of protein-surface adsorption at the proteome level, in which the competitive adsorption of thousands and millions of proteins with vast dynamic range occurs. To this end, we feel the necessity to review current methodologies on their potentials to characterize-more specifically to quantify-the proteome wide adsorption.
We hope this effort can help advancing single-cell proteomics and trace proteomics.
D r a f t

INTRODUCTION
Proteins are complex amphiphilic biopolymers with flexible structures that can denature at solid surfaces due to adsorption, which is caused by complex interactions including but not limited to hydrophobic, hydrophilic, van der Waals, and electrostatic interactions 1,2 . The process occurs spontaneously and rapidly 3 . The adsorbed molecules are commonly referred to as "adsorbate" and the surface to which they attach are "adsorbent" 4 . The adsorption process is extremely complex and involves at least the diffusion of proteins to the solid-liquid interface, the replacement of existing adsorbed molecules, and the conformation and orientation changes of the adsorbed proteins on surfaces 2,3 before the subsequent desorption. Therefore, not only the properties of proteins, but also those from the solvent and the surface, affect the adsorption process and have been detailed reviewed [5] [6] [7] .
In complex protein mixture, however, the additional Vroman effect, i.e. the competitive adsorption and displacement of different protein species over time at the surface, further complicates the kinetics and thermodynamics of the adsorption and desorption 8 . Even though physical, chemical, and mathematical efforts have been applied to investigate the factors contributed to these events, it remains challenging to understand and predict how different proteins behave at surface in a mixture.
Because proteins are widely used in research and in our daily life, the adsorption events have been concerned in numerous fields 2,9 , including but not limited to dairy industry 10 
OVERVIEW OF THE METHODS
In decades of protein-adsorption studies, many methodologies have been developed, and their sensitivity and limitations have been reviewed 8, 45, 46 . However, no review, to our knowledge, has focused on the multiplexity of these methods for thousands of proteins in the proteome. Moreover, no reviews have been focusing on the flexibility of these methods in characterizing the irregular surfaces of vials, tips, and capillaries. We include here more than 14 methods (Figure 1 
LABEL-FREE TECHNIQUES
Fourier transform infrared spectroscopy (FTIR)
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Different from spectroscopic and optical methods introduced above, quantification of protein adsorbates can also be carried out by ex situ separation approaches, so individual adsorbate in mixtures can be resolved after they are removed from the surface. Below, we summarize a few representative separation approaches in protein adsorption analyses, including SDS-PAGE, high pressure liquid chromatography (HPLC), CE, and MS. The key advantage of these analyses is their capacity to resolving protein mixtures. We will D r a f t focus on SDS-PAGE technique in this section and discuss other methods in the following sections.
SDS-PAGE is a commonly used electrophoretic technique for separating protein mixtures based on their molecular weight 111-113 . Together with colorimetric staining, such as coomassie and silver staining, the method can quantify proteins in the gel 114, 115 .
SDS-PAGE has been frequently employed for indirect "solution depletion" analysis of protein adsorption 114, 116 , in which the adsorbates are quantified by measuring the changes of protein concentration in solution before and after the interaction with surfaces.
Its quantitation (in sub µg/cm 2 range) is not as precise as that of aforementioned spectroscopic techniques. Nevertheless, because the method does not directly measure proteins on surfaces, it is flexible to tackle any types and shapes of surfaces.
The method has been employed to study Vroman effect in protein mixture. Vogler et al. have summarized such applications 117, 118 . When using 2-dimensional (2D)-gel coupled with MS, the technique can tackle proteome-wide protein adsorption 119 . The drawback of the method is its ex situ analysis that has limited its application from conducting fast kinetic studies. In addition, the relatively poor detection of intensity difference requires sufficiently large surfaces for distinguishable adsorbate quantity variation in solution before and after the interaction with surfaces. The suitable surfaces are typically achieved by using large number of small particles, resins, and beads.
To broaden the flexibility of suitable surfaces in this method, we have recently Other separation based quantification approaches. Besides SDS-PAGE, other separation based approaches used to study protein-surface adsorption include HPLC and CE. The elution peak intensity and retention time detected by UV-Vis 120 or fluorescence 121,122 detectors were used for both qualitative and quantitative analysis of protein adsorption in the mixture. These methods were applied to both ex situ protein adsorption for stripped proteins 123 , or to in situ adsorption in the separation system itself 124 . In addition, MS has been increasingly coupled to HPLC and CE as the detector owing to its additional separation capacity in m/z and its high detection sensitivity 125,126 that will be further elaborated below.
Mass Spectrometry (MS) MS has been increasingly used in studying protein ex situ non-specific adsorption due to its high sensitivity and versatility of the acquired D r a f t information. Besides coupling to separation schemes such as SDS-PAGE, HPLC, and CE, MS can be directly used to image proteins on the surface. Particularly, the time-offlight secondary ion mass spectrometry (Tof-SIMS) has been employed to replace previous quadrupole mass analyzer based analysis to directly detect proteins adsorbed to solid surfaces 127, 128 . The sensitivity of the measurement can be 10 7 -10 11 atoms/cm 2 128 .
With the aid of multivariate analysis such as principal component analysis and partial least square, the method can distinguish different protein species by analyzing the small amino acid fragment at low molecular weight with extremely high mass accuracy and pure protein standards 128 .
In addition to SIMS, MALDI has also been used to couple to the Tof mass analyzer for monitoring the adsorption by molecular ions 129 . MALDI matrix was also used in SIMS sample preparation for enhanced sample ionization 130, 131 . Other than molecular MS, inductively coupled plasma (ICP)-MS 126 represented elemental MS as well as particle MS 132 were also emerged for protein adsorption analysis. For the latter, the protein adsorbed nanoparticles that were introduced as a whole to MS for analysis.
Therefore, MS analysis has been increasingly used in protein adsorption analysis in recent years.
Besides using MS for direct analysis at the surface, by stripping the proteins off the surface and using shotgun proteomics 133 (detection and quantification of unknown proteins based on sequencing their derived peptides), hundreds and thousands of types of proteins can be quantified simultaneously, which provided unprecedented information for the biofouling on medical implants [134] [135] [136] [137] . Examples of these applications include the 2D-D r a f t gel MS as mentioned in the SDS-PAGE section and gel-free liquid chromatography separation and MS analyses.
FINAL REMARK
The concerns of protein surface adsorption in sample preparation to the accuracy and sensitivity of shotgun proteomics have been addressed [138] [139] [140] [141] . The studies of prevention using various strategies have been actively pursued as mentioned at the beginning. The cumulative knowledge towards protein and peptide specific adsorptions as a function of surface chemistry and solvent property has received increased attention.
The information on the intermolecular effects derived from the Vroman effect in proteome-wide protein adsorption will advance the comprehensive understanding protein-surface interaction. Breakthroughs in understanding, prediction, and prevention of adsorption caused sample loss will greatly facilitate the single-cell proteomics represented trace proteomics analysis.
We summarized here the techniques commonly used in characterization and quantification of protein-solid surface adsorption. 
